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We demonstrate the deterministic generation of multipartite entanglement based on scalable meth-
ods. Four qubits are encoded in 40Ca+, stored in a micro-structured segmented Paul trap. These
qubits are sequentially entangled by laser-driven pairwise gate operations. Between these, the qubit
register is dynamically reconfigured via ion shuttling operations, where ion crystals are separated
and merged, and ions are moved in and out of a fixed laser interaction zone. A sequence consisting
of three pairwise entangling gates yields a four-ion GHZ state |ψ〉 = 1√
2
(|0000〉+ |1111〉), and full
quantum state tomography reveals a Bell state fidelity of 94.4(3)%. We analyze the decoherence
of this state and employ dynamic decoupling on the spatially distributed constituents to maintain
69(5)% coherence at a storage time of 1.1 seconds.
The key challenge for the realization of quantum in-
formation processing devices which actually outperform
classical information technology lies in the scaling to
a sufficient complexity, while maintaining high opera-
tional fidelities. With trapped ions and superconducting
circuits being the leading candidates for scalable high-
fidelity quantum computing (QC) platforms, few-qubit
architectures have been realized [1, 2], and elementary
quantum algorithms [3, 4] as well as fundamental build-
ing blocks for quantum error correction [5, 6] have been
demonstrated. For trapped ions, a possible route to scal-
ability was opened up with the seminal proposal of the
quantum CCD [7], where ions are stored in segmented,
micro-chip-based radiofrequency traps [8, 9] and shut-
tled between distinct trap sites in order to realize quan-
tum logic operations on selected subgroups of qubits [10–
14]. Based on these methods, a complete methods set for
QC [15] and a fully programmable two-qubit quantum
processor [16] have been shown. It is rather likely that
any trapped-ion based large-scale QC architecture [17–
19] will involve ion shuttling operations.
As a benchmark for quantum information processing ca-
pabilities, the generation and properties of multipartite
entangled states have been studied intensively. On the
one hand, generating and maintaining such states lies at
the heart of quantum computing, on the other hand large
multipartite entangled states represent a resource for the
measurement-based approach to QC [20, 21]. The first
generation of a four-particle Greenberger-Horne-Zeilinger
(GHZ) states has been accomplished at a state fidelity of
57% by the NIST group [22], while eight-qubit W-states
at 76% fidelity have been created later by the Innsbruck
group [23]. Furthermore, GHZ states of up to 14 trapped
ions have been created [24], and it has been shown that
these states are rather fragile in the presence of correlated
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magnetic field noise. While large-scale entanglement of
thousands of optical modes [25] or atoms [26] has also
been demonstrated, QC generally requires deterministic
entanglement generation with capabilities for storage and
individual manipulation and readout of the qubits.
In this work, we demonstrate the scalable generation of
GHZ states of up to four trapped ions. Our method is
based on single-qubit rotations, pairwise two-qubit en-
tangling gates and shuttling operations. In analogy to
arithmetic-logic-units (ALU) in the von-Neumann com-
puter architecture [19], the computational gate opera-
tions are driven by laser beams which are directed to one
fixed trap site, the laser interaction zone (LIZ). By shut-
tling only the required ions to this trap site, crosstalk
is strongly suppressed as compared to static ion-crystal
registers, where different ions are only spaced by a few
microns. This is particularly beneficial, as memory ions,
which are not to be affected by gate operations, are stored
several hundreds of microns away from the LIZ. We also
demonstrate that GHZ coherence can be maintained over
long storage times by dynamical decoupling on the dis-
tributed components. Here, the constituent ions are kept
in pairs and shuttled repeatedly into the LIZ, where the
decoupling rotations take place.
The centerpiece of our quantum processor is a seg-
mented miniaturized Paul trap – a photograph is shown
in figure 1. The design is similar to the one reported in
Ref. [27]. Quantum information is encoded in the Zeeman
sublevels of the ground state of trapped 40Ca+ ions |0〉 ≡
|↓〉 ≡ |S1/2,mJ = − 12 〉 and |1〉 ≡ |↑〉 ≡ |S1/2,mJ = + 12 〉.
The Zeeman sublevels are separated by 2pi×10.5 MHz by
a magnetic field, which is generated by permanent mag-
nets. The trap is placed in a µ-metal enclosure for shield-
ing of fluctuating ambient magnetic fields, and all exper-
iments are synchronized to the ac line frequency. This
yields a Ramsey coherence time of around 300 ms [28] for
a single qubit.
Laser light is employed for Doppler cooling (397 nm),
qubit state initialization and qubit readout (729 nm),
see Ref. [29]. For a fluorescence detection time of 1.2 ms,
we achieve a measurement fidelity of 99.92% for a sin-
gle static ion. This fidelity is impaired by around 0.2%
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2FIG. 1. Experimental shuttling sequence for the creation,
storage and analysis of a four-ion GHZ state. The state cre-
ation takes place above the dashed line. Laser driven quantum
operations, i.e. entangling gates Gˆ or single qubit rotations
R are carried out in the laser interaction zone (LIZ). After
the GHZ state is created, it can be stored for hundreds of ms
by dynamical decoupling. The ions are not stored in the LIZ
to prevent depolarization from residual light near the cycling
transition.
in the four-ion sequence by the limited lifetime of the
metastable D5/2 state, since shelving is first applied to
all ions, before fluorescence detection is carried out.
A separate laser source near 397 nm is used to
manipulate the qubits via stimulated Raman transitions
at a detuning from resonance of about −2pi×290 GHz.
To cool the ions close to the motional ground state, a
pair of orthogonally propagating beams is employed.
The difference wave vector of the beams couples only to
the radial secular modes, as it is oriented orthogonally
to the trap axis. Therefore, the laser-ion interaction
is insensitive to axial ion motion, excited by shuttling
operations or anomalous heating. A second pair of
identically aligned beams is used for pairwise qubit
entanglement via a geometric phase gate [30].
In our setup, each laser beam is directed at the LIZ,
and all operations are robust with respect to excitation
of the axial ion motion: the entangling gate (driven on
a radial secular mode), single qubit rotations (driven
by co-propagating laser beams), electron shelving by
729 nm light (laser beam directed perpendicular to trap
axis). Typical secular trap frequencies are: ωx,y,z=
2pi × {1.5, 4.1, 4.9} MHz, where x denotes the trap
axis. Ions are shuttled along this direction by applying
time-dependent waveforms to the dc electrodes of the
linear Paul trap [12, 13]. To ensure a high entangling
gate fidelity on a radial secular mode, the amplitude of
the 2pi×33 MHz rf trap drive is actively stabilized at a
set-point of about 160 V. We find the long-term relative
frequency stability to be about 5 ppm. Anomalous
heating rates on the radial secular modes range between
3(1) and 20(1) quanta per second, presumably limited
by technical noise. The combination of low heating rates
and long spin coherence times allows for concatenated
quantum gate operations.
The experimental toolbox involves a set of techniques,
which we describe in the following. Since the entangling
gate requires the ions to be close to the ground state of
motion, we apply resolved sideband cooling to all ions.
A single cooling pulse takes on average 15µs. We either
cool single ions or pairs of two ions and cool all radial
modes with 40 pulses per mode.
A single qubit pi-rotation is realized by a 10 µs pulse.
Using randomized benchmarking [31], we determine an
error per computational gate as low as 5.1(2) × 10−5.
At the given Raman detuning and Rabi frequency,
we find that the error is predominantly caused by
residual photon scattering. Single qubit rotations can be
performed on two ions simultaneously – we calibrate the
relative imbalance in terms of the time required for a pi
rotation to better than 1.5× 10−5.
The entangling gate is driven by spin-dependent op-
tical dipole forces [30], generating the unitary Gˆ =
diag(1, i, i, 1). At a detuning of 2pi× 25 kHz from the
higher frequency radial center-of-mass mode, the gate op-
eration takes 100 µs. We achieve a fidelity of 99.0(4) %.
As for the qubit rotations, the fidelity is limited by off-
resonant photon scattering. The gate is used, in conjunc-
tion with single qubit rotations, to generate the unitary
Uˆ1 for entanglement seeding and the CNOT equivalent
unitary Uˆ2:
Uˆ1 =
eipi/4√
2
1 0 0 i0 1 −i 00 −i 1 0
i 0 0 1
 , Uˆ2 =
 0 1 0 0−i 0 0 00 0 i 0
0 0 0 1
 ,
(1)
see also Fig. 2. The sequential CNOT Uˆ2 requires
shuttling of a single ion to the LIZ for a single qubit
rotation, a subsequent recombination of two ions in the
LIZ for an entangling gate, followed by a separation
operation and a final transport of a single ion to the LIZ
for a single qubit rotation.
Ion shuttling along the trap axis is performed by
3concatenated segment-to-segment transports of 200 µm,
where each operation takes 30 µs. We estimate the
motional excitation on the radial gate mode to be
below 0.01 phonons per transport. Separation of a
two-ion crystal is realized by increasing the voltage on
the trapping segment and lowering the voltage on the
adjacent segments [13, 32] within 160µs. The operation
and its reversed counterpart – the recombination of two
individual ions – are only carried out in the LIZ as
it requires careful calibration of the electrode voltages
via precise spectroscopic measurements of motional
sideband frequencies. Separation and recombination
operations lead to a motional excitation of about 0.05
phonons on the gate mode.
Since the ions are shuttled along the trap axis while
in a spin superposition state, they accumulate a phase φ
due to the inhomogeneous magnetic field along the trap
axis [33]. In total four of these phases need to be con-
sidered in the quantum gate sequence. We find each of
them to be constant over time and to be φ < ±0.6 rad.
The phase is compensated for by adjusting the phase of
an adjacent single qubit rotation, see Fig. 2 c).
After the application of state tomography laser pulses,
each ion is shuttled to the LIZ for the population state
transfer |↑〉 ↔ |D5/2〉 via electron shelving. The ions are
again individually shuttled to the LIZ, where state de-
pendent fluorescence is observed. All qubits are shelved
before fluorescence detection, to avoid depolarization of a
remotely stored qubit from scattered light near 397 nm.
In order to generate multi-partite entanglement,
we employ a sequence of two-ion entangling gates
and single qubit operations to create a GHZ state
|Ψ〉 = 1/√2 (i |0000〉 + |1111〉). The experimental
sequence, including the shuttling operations, is sketched
in Fig. 1. It is comprised of five blocks: An initial
cooling block prepares the ions close to the ground
state of motion of the radial secular modes, which is
crucial for high-fidelity gate operations in the subsequent
quantum logic block. Once the GHZ state is prepared,
the coherence can be maintained through an optional
rephasing block. To analyze the final quantum state,
full quantum state tomography is performed in the
analysis block. A final block contains an additional
magnetic field tracking measurement. Furthermore, the
ions are repositioned to their initial positions in order to
enable the next repetition of the entire sequence. In the
following, we describe these operational blocks in detail.
Initially, the ion pair A,B is stored at electrode 20 in
the LIZ and the ion pair C,D is stored at electrode 26.
The ion pair A,B is then shuttled to electrode 14 and
the pair C,D is shuttled to the LIZ for a separation
operation which transfers ion C to electrode 19 and ion
D to electrode 21. The ion pair A,B and the single ions
C and D are transported to the LIZ for ground state
cooling and spin initialization to |ψ〉 = |↑↑↑↑〉 ≡ |1111〉.
Subsequently, we perform quantum logic operations to
generate the maximally entangled GHZ state, given
by the quantum circuit shown in Fig. 2. The circuit
H
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FIG. 2. (a) Quantum circuit for the creation, storage and
analysis of a four-ion GHZ state . The state is generated by
three subsequent entangling gates. Evenly spaced dynamical
decoupling pi-pulses are employed to achieve long coherence
times. followed by state tomography on the individual ions.
The green (b) and blue (c) dashed boxes show how the respec-
tive entangling gates are realized in the experiment – they
correspond to the unitary operators Uˆ1 and Uˆ2, from Eq. 1 .
The black numbers for the single qubit operations represent
the laser pulse areas, whereas gray numbers indicate the phase
of the respective pulse. Red boxes represent an induced qubit
phase which arises from the shuttling operations, see text.
is comprised of one and two qubit quantum logic
operations, which are carried out in the LIZ. Initially
the quantum state is set to |ψ〉 = |1111〉. Application of
the unitary Uˆ1 on the ion pair A,B in the LIZ generates
the state |ψ〉 = (i |0011〉+ |1111〉)/√2, where ions A and
B are entangled. The entanglement is extended to all
qubits by subsequent application of the C-NOT unitary
Uˆ2 on qubits B,C and C,D. This leads to the final state
|ψ〉 = (i |0000〉 + |1111〉)/√2, where the constituent
qubits are distributed over a macroscopic distance of
1.8 mm.
To assess the fidelity of the generated state, we perform
full quantum state tomography by subsequent shuttling
of each of the ions to the LIZ. Here, for each ion one of
the analysis rotations {1, RX(pi/2), RY (pi/2)} is driven,
in order to measure the operators {σz, σy, σx}. This
amounts to 81 different measurement settings for the
four qubits. The analysis pulses are not corrected for
additional phase accumulations due to the magnetic
field inhomogeneity on individual ions, as we only assess
the gauge-invariant fidelity of the GHZ state irrespective
of an additional phase.
After readout of all four ions, we carry out the mag-
netic field tracking block. A single ion is used to mea-
sure the deviation of the carrier frequency from the Zee-
4man splitting in a Ramsey experiment, i.e. the abso-
lute magnetic field. Specifically, ion A is initialized to a
superposition state with a pi/2-pulse, which is followed
by a 5 ms interrogation time and a final pi/2-pulse with
a phase of 0◦ or 90◦. From the difference of these two
measurements we calculate the deviation from the carrier
frequency, which is updated for subsequent measurement
cycles and thus compensates for small absolute magnetic
field drifts. Finally, the ions are merged into pairs and
the entire sequence is repeated. The obtained density
matrix is displayed in Fig. 3.
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FIG. 3. Reconstructed density matrix of a maximally entan-
gled four-ion GHZ state with correction for readout errors.
Linear reconstruction with correction for SPAM errors yields
a state fidelity of F = 94.38%.
In order to quantitatively characterize the fidelity of
the prepared state, we reconstruct density matrices ρˆ
from measurement data and compute the state fidelity
F(ρˆ) = max
θ
〈Ψ(θ)| ρˆ |Ψ(θ)〉 (2)
with respect to a GHZ state of arbitrary relative phase
θ:
|Ψ(θ)〉 = 1√
2
(|0000〉+ eiθ |1111〉) . (3)
We first perform linear inversion of the measurement
data, which consists of 4×50900 measurements in total.
This yields a density matrix, from which a fidelity of
F =92.60% is extracted. As a density matrix obtained
from linear inversion can have negative eigenvalues due to
statistical errors, the density matrix obtained from linear
inversion can not be used for estimation of a confidence
interval via parametric bootstrapping. We additionally
perform a maximum-likelihood (ML) state reconstruc-
tion [34]. Using the physical density matrix from the ML
reconstruction for parametric bootstrapping, we estimate
a fidelity of FML =92.50(37)%, such that linear inversion
and ML estimation yield consistent results.
By running the sequence without quantum logic opera-
tions, we determine the readout errors [29]. State prepa-
ration and measurement (SPAM) errors are dominated
by the limited lifetime of the metastable D5/2 state of
1.2 s. For ion A, for instance, the time between shelv-
ing and fluorescence detection on the cycling transition
is 2.7 ms, leading to an estimated decay-induced SPAM
error of 0.2%. An actual error of 0.4% is measured for ion
A, the remaining error is attributed to shuttling-induced
motional excitation, which affects the shelving efficiency.
This is either due to residual coupling of 729 nm shelving
laser to axial motion, or due to residual radial excitation
from shuttling. Including correction for SPAM errors,
the fidelity obtained from linear inversion is F =94.38%,
and ML estimation with parametric bootstrapping yields
FML =94.28(30)%. Additionally, we perform statistical
tests based on Hoeffding’s tail inequality [35], confirming
that the measurement data is statistically consistent with
the state described by the reconstructed density matrices.
The theoretical fidelity limit for our setting is 97%, since
the entangling gate is performed three times and features
a fidelity of 99.0(4)%. We attribute the discrepancy from
this result to imperfect calibration of the individually cal-
ibrated entangling gates and the correction phases φ, as
well as the finite accuracy of the stabilized magnetic field
tracking measurements. The entangling gates require in-
dividual calibration due to small motional excitation –
mainly from heating – which results in a lower coupling
to the driving field and thus requires a slightly increased
duration of the entangling gate pulse.
The execution time for the creation of the GHZ state
after sideband cooling is 3.1 ms, where 11% is used for
quantum gates and the remainder is dedicated to shut-
tling operations. This illustrates that currently, the shut-
tling overhead dominates the time budget of the quan-
tum CCD operation. However, a significant leeway for
optimization of these operations via technological and
methodological and parallelization improvements exists.
Magnetically sensitive multi-qubit GHZ states are
prone to super-decoherence, which is caused by correlated
local magnetic field noise[24]. We measure the coherence
time of a four-ion GHZ state and employ a dynamical
decoupling technique to achieve unprecedented long life-
times. Here, repeated pi-flips of the qubits serve to can-
cel the coupling of the qubits to an offset magnetic field
[36]. Once the GHZ state is created, the four individually
trapped ions are merged to ion pairs A,B and C,D to re-
duce the amount of shuttling operations in the rephasing
block. After storing the ion pairs at segments 19 and 23,
they are alternately shuttled to the LIZ and subjected to
rephasing pi-pulses. The pulses are evenly spaced within
the storage time, thus only an odd number of pulses is
suitable for decoupling. After the rephasing block, the
ion pairs are separated into individually trapped ions
for state analysis. We utilize a reduced measurement
scheme, by measuring the operators {σ(A)x σ(B)x σ(C)x σ(D)x }
and {σ(A)x σ(B)x σ(C)x σ(D)y }. To infer the GHZ coherence of
the state, each of the two operators is measured at least
200 times. The parity contrast and its statistical mea-
5surement error are determined from the measurement re-
sults via Bayesian parameter estimation [33]. The results
of these measurements are shown in Fig. 4. The coher-
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FIG. 4. Preservation of the parity contrast of a four-ion GHZ
state by dynamical decoupling. Green triangles for short
times correspond to a measurement without the execution
of the rephasing block. Blue circles represent a measure-
ment with Npi = 15 rephasing pulses on each qubit, while
red squares correspond to Npi = 3. The dotted black line rep-
resents a Gaussian decay, whereas the grey dashed line repre-
sents an exponential decay. The data shown is not corrected
for SPAM errors.
ence time of the GHZ state without rephasing pulses and
without recombining the ions to pairs, is about 20 ms. By
applying Npi = 15 rephasing pulses on each ion pair, we
preserve the coherence for storage times exceeding one
second. As can be seen from Fig. 4, the coherence decay
is not described by a simple model. For several inter-
mediate storage times the remaining coherence is lower,
we attribute this to noise at frequencies that match the
inverse time difference between subsequent decoupling
pulses [37], since the coherence can still be preserved by
choosing a different number of rephasing pulses Npi.
In conclusion, we demonstrate the scalable creation
of a maximally entangled four-qubit Greenberger-Horne-
Zeilinger state with high fidelity, in a trapped-ion quan-
tum processor. The state is generated by a sequence
of single- and two-qubit gate operations, interleaved by
shuttling operations that reconfigure the register. We
employ dynamical decoupling to preserve the coherence
of the sensitive entangled state for more than one second,
which is an important feature for quantum error correc-
tion schemes [6]. We therefore demonstrate the deter-
ministic generation of multipartite entangled state, with
its constituents distributed over a macroscopic range,
which persists for and unprecedented long storage time.
The combination of shuttling-insensitive quantum oper-
ations, low heating rates and long coherence times en-
ables our programmable quantum processor to execute
more advanced quantum algorithms with a larger num-
ber of qubits in the future. Technical and methodolog-
ical improvements will allow for much faster shuttling
operations and thus increase the operational speed. In
conjunction with feedback operations and fast physical
two-ion SWAP gates - which have been realized in our
trap with high fidelity [29] - our setup will be extended
to a freely programmable quantum computing platform.
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